Genetic recombination in Escherichia coli requires recA protein, the product of the recA+ gene. In this paper we show that purified recA protein, which binds strongly to denatured DNA, cooperatively recognizes DNA containing short single-stranded regions. The interaction of varying amounts of recA protein with DNA molecules was investigated by measuring its DNA-dependent ATPase activity. In 3 mM Mg2+, the ATPase activity was stimulated by excess singlestranded DNA The recA + gene product plays an indispensable role in homologous genetic recombination in Escherichia coli. This protein has been identified (1-3) and purified to near homogeneity (4, 5). It is produced in large amounts in bacteria after treatments that damage DNA (6, 7). It exists in monomeric and tetrameric forms, dependent upon protein, salt, and ATP concentrations (8); it has a protease activity that cleaves X repressor (9-11) and an ATPase activity that is dependent upon single-stranded DNA and Mg2+ (4, 5, 8) . Two recent studies have shown that recA protein catalyzes the ATP-dependent hybridization of single-stranded DNA to homologous duplex molecules. The product of this reaction is a D loop in which the single strand is hydrogen bonded to one of the duplex strands (5, 12).
The recA + gene product plays an indispensable role in homologous genetic recombination in Escherichia coli. This protein has been identified (1-3) and purified to near homogeneity (4, 5) . It is produced in large amounts in bacteria after treatments that damage DNA (6, 7) . It exists in monomeric and tetrameric forms, dependent upon protein, salt, and ATP concentrations (8) ; it has a protease activity that cleaves X repressor (9) (10) (11) and an ATPase activity that is dependent upon single-stranded DNA and Mg2+ (4, 5, 8) . Two recent studies have shown that recA protein catalyzes the ATP-dependent hybridization of single-stranded DNA to homologous duplex molecules. The product of this reaction is a D loop in which the single strand is hydrogen bonded to one of the duplex strands (5, 12) .
Because postreplication gaps in the DNA of UV-irradiated bacteria induce sister-strand exchanges with an efficiency close to unity, it appears that the enzymes of genetic recombination may recognize single-stranded gaps as substrate (13) . These observations prompted us to investigate the interaction of varying amounts of recA protein with duplex DNA containing short single-stranded gaps. In this paper, we demonstrate that recA protein recognizes gapped duplex DNA and forms complexes that %timulate the ATPase activity. The significance of this interaction with respect to homologous pairing is discussed.
MATERIALS AND METHODS Preparation of Gapped DNA. 3H-Labeled X cI DNA was prepared as described (14) and dissociated to the monomeric form by heating to 55°C for 2 min followed by quick cooling prior to use. Single-stranded regions were digested by incubation with nuclease S1 in 2-ml reaction mixtures containing 160 Mug of X DNA, 100 mM NaCl, 50 mM sodium citrate at pH 5.0, and 0.2 mM ZnSO4 at 37°C for 30 min.
3H-Labeled form I plasmid DNA and single-stranded OX DNA were prepared as described (15 (18) . recA protein was recovered by Polymin P fractionation from 100 g of nalidixic acid-induced cells as described (4). After precipitation with (NH4)2SO4 at 0.25 g/ml, the protein was dialyzed against 20 mM sodium phosphate, pH 6.8/10% (vol/vol) glycerol/10 mM 2-mercaptoethanol and applied to a hydroxylapatite column (Bio-Gel HPT). The column was eluted with a 20-300 mM phosphate gradient and, after dialysis, the recA protein was loaded onto a DEAE-cellulose column equilibrated with 20 mM Tris1HCl, pH 7.5/0.5 mM EDTA/50 mM NaCl/10% glycerol/i mM dithiothreitol. After elution with a salt gradient, recA protein was further purified by gel filtration through Bio-Gel A-0.5m agarose. Storage was at -70°C in 50 mM Tris-HCI, pH 7.5/0.1 mM EDTA/50 mM NaCI/50% glycerol/1 mM dithiothreitol.
35S-Labeled recA protein was prepared from bacteria grown in low-sulfate medium (2) supplemented with carrier-free 35SO4 (1 mCi/ml; 1 Ci = 3.7 X 1010 becquerels). Throughout the purifications, recA proteins were assayed by using NaDodSO4/polyacrylamide gel electrophoresis to identify the Mr 40,000 protein. Protein was incubated with 7.6 nmol of gapped plasmid DNA (Fig. 1) Incubation of recA protein with phage X DNA resulted in the hydrolysis of 35% of the input ATP (maximal rate, 3.6 mol ATP per min per mol of recA protein), even though the single-stranded sticky ends of X amount to no more than 0.05% of the A DNA. However, removal of the sticky ends by digestion with nuclease S1 resulted in a blunt-ended duplex that stimulated only 10% ATP hydrolysis (Fig. 1 ). This level of hydrolysis was not increased by the addition of the small amount of single-stranded DNA equal to that of the missing ends. At lower protein concentrations, the difference was even more marked.
Binding of recA Protein to Single-Stranded DNA. We next investigated, the binding of recA protein to single-stranded DNA (6) and to duplex DNA containing single-stranded regions. In these experiments, suitably labeled molecules were sedimented in neutral sucrose. With excess recA protein, single-stranded OX DNA sedimented 2.5 times faster than free DNA (Fig. 2 A and B). The stoichiometry of the binding was determined by sedimenting a fixed quantity of single-stranded DNA in the presence of various amounts of a5S-labeled recA protein. At the lower concentrations, two distinct peaks were seen, one sedi- In reactions between recA protein and gapped plasmid DNA, the presence of ATP or ATP[S] resulted in partial or nearly complete conversion to large aggregates that sedimented to the bottom of the centrifuge tube (Fig. 5 A, B, and C) . These results indicate that, in the presence of 10 mM Mg2+ and ATP, recA protein recognized and formed complexes with duplex DNA molecules that contained single-stranded regions. None to the formation of aggregates that sedimented very rapidly indeed.
Electron Microscopy of Complexes Formed by recA Protein and Duplex DNA. When samples from the X DNA, recA protein and ATP[S] reaction mixtures were examined by the Kleinschmidt method, uniform, rod-like thickening of more than twice the normal diameter was seen on parts of the DNA (Fig. 6a) (Fig. 7b) ; however, most of the material formed into large aggregates of normal and thickened branching molecules (Fig. 7c) (Fig. 6b) or with form I and II plasmid DNA (Fig. 7a) 
DISCUSSION
The results in Fig. 1 (5, 12) . The data in this paper are consistent with mechanisms in which recA protein promotes D-loop formation (25, 12) or pairing between two duplexes in a four-stranded structure (26) (27) (28) .
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